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ABSTRACT

The Advanced Spaceborne. Thermal Iimission and reflection Jladiomc[cr (ASTIN?) is a 14 charrncl high spatial resolution
instrument sclectcd for flight on the J 0S AM-1 platfomt. This instrrrmcut  has a 60 km pointable cross-track swath and Jive
the.rmal infrared chmmcls  bctweea  8 and 12 micrometers with 90 m spatial resolution. Correction for the effect of atmospheric
attrmuatiorr  and cnrission  will be made using a radiative transfer model and atmospheric parameters either from the }iOS Ahl-1
platform instruments MOI)IS (A40d~mtc-Resolution i m a g i n g  Spectroradiomcter)  a n d  h4[SR (hfulti-Angle lmagirrg
Spectromdiomete.r)  or temperature and moisture profdcs from global numerical assirnilat ion models. The correction accuracy
drqwnds strongly on the accuracy of the atmospheric information used. To provide an objective assessment of the validity of the
atmospheric correction in sifu nw.asuremcn!s of water surfaces rmdcr  a variety of atmospheric conditions will be used to estimate
the surface Jeaving radiance at the scale of an AS’1’Ell  pixel. The proctxhrrc will use an array of continuously recording tempcraturv
buoys to establish the bulk water tcmpc.rature,  broadband radiometers to dctcmrirrc the near surface water temperature gradient and
radio.sondc  and sunphotomcter  measurements and a radiative transfer model to deduce the sky irradiance.. The.se mcawuwnents  and
the spectral emissivity of the water will be combined with the relative systcm spectral rcspnsc to pmvidc an estimate of thcrrwd
infrared surfacr  leaving radiance for each AS’J’LR thermal channel. An example of this approach using a multichannel thcr-mal
aircraft scanner as a stand in for ASJ’llR will be dcsc.ribcd. It is expected this approiich will provide cstirnates  of surface radiance
accuralc,  in temperature terms, to better than 1 K.
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1. INTRODUCTION

The objectives of the Advanced Spacctm-m  Thermal emission and rcflectaucc Kadiomctcr (ASTIIR)  investigation in the
the.rmrrl infrared inclrrdcs providing estimates of the radiance lcavirrg the sur-face.l I’hc. radiance which is measured by the ASTER
instrument includes emission, absorption and scattering by the constitucn[s of the earth’s atrnospherc.  An atmospheric correction
prcmdurc  will be used to rwnove  these effects providing estimates of the combined radiation ernittcd  and reflcttcd  at the surface.
Atmospheric correction is necessary to isolate those features of the observation which arc intrinsic to the surface., from those
rc.tatcd to the atmosphere. Only after accurate atmospheric correction can onc proceed to study seasonal and annuat surface changes
and to attempt the extraction of surface kinetic tcm~raturcs  arid e.rnissif itic.s. Validation of the atnlospheric correctiorl  procedure
is intended to provide an estimate of tbc unccrtaiat  y associated with the correction pruccd  ure.

AS’l”li~ is one of several instruments to be launched on the hTASA  J M{}]  (Xrsrrving  System AM-1 platform in 1998 and
continues the. trend to higher spatial resolution surface imaging begun with [he I andsrrt l’hcmatic  h4apper and by SWJ’, 10
addition, ASH N incremcs  the number of channels (14 versus the. 7 of the ‘1’hcmatic hiapper and 4 of S101’). ASTI  W will
provide same-orbit stereo capability by using nadir and aft looking telescopes. 1! will provide multispmtral  thermal emission
nwasuremcuts  (5 channc.ls) in the atmospheric window region from 8 to 12 pm. ASJ”l N consists of three imaging suhasscmblics
(the VNJ1<  subsystcm includes two telescopes for stereo), one in each spectral region:z I’hc visible. and near infrared ~rNIJ/),  the
short wave infrared (SWJJQ and tbc thermal infrared ~l’l R). T’hc  nominaI si?,c of the instantaneous field-of-view at the earth’s
surface is ] 5, 30 and 90 nw,tc~ in the VNIR, SWJR atld I’JR rcspcctive,l y, wit}l a cross-tiack  swath width of 60 km fbr all
cl]anncls  and the instrument has been assigned a data volume equivalent to an 8% duty cycle. The noise equivalent delta
temperature pcrfomrancc of the flight ASTIiR t}lcrma]  infrared (l’JR)  chanrm]s is 0.3 K or &ttcr. At the. instnln~nt, the accuracy
of measurement expressed as a brightness temperature, is to be 1 K or trettcr in the range 270 to 340 K, The goal of the
atmospheric correction procedrrrc is to keep the residual error duc to uncompensated cffcds as low as possiblr.  In most
circumstances wc would like the residual c.rror to be under 1 K.
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2. AIMOSPIIERIC  CORRECTION PROCEDURE

The approach to be used for AST}iR atmosphctic  corrcc[iou  in the thcnnal infrared involves two fundamental elements:
1) the use of a radiation transfer moctcl capable of estimating the magnitude of atntospheric  emission, absorption and scattering and
2) the acquisition of all the necessary atmospheric and surface parameters (e.g. lcrnperaturc,  water vapor, oz,onc, aerosol profiles,
surface ckwation)  at the till)c and location of the nlcasurenmnt  to be corrected.

l“hc radiance leaving the surface, 1,~w, (which  is a combination of both emission and reflection) is rtlated 10 the radiance
derived from the sensor, 1 ~n, the transmission of the atmosphere, I’r, and the atmospheric path radiance, I ~~lh, (which arises from
both atmospheric emission and scattering) by the following equation:

‘l”he radiation trmsfer  model is used to calculate the atmospheric tmnsnrission  and path radiance allowing the sutfacc radiance to be
dctmmitwd.

“1’hc  full -width-at-half-nmxinlun~  (l WIIM) spectra] response of the five I’Ill channels arc given in Table 1.

‘I”abk 1 I’lt-? channel full-width-at-half-nmxinlllm  spectral response  (pm)
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MODTRAN (Mo&ratc  Resolution Atrnosphc.ric  Radiance and I’mnsmittancc  Model) has been selected as the radiation
transfer nrodcl to be used. M01YJ”RAN3.4 traces its heritage back through the several versions of 1,OWI’MNs-l 1.

2.1 Atmospheric parameters

Tbc most important factors in dctcmlining  the broad band atmospheric transmission and path radiance for the five AS1’1 ill
I’It/ channels are the atmospheric water vapor and twnpcraturc  prcfslcs. Two MO] XS clear atmosphere data products are prim
candidates: MOI)lS Temperature Profiles (20 ]cweis, S Km spatial resolution); MODIS Water Vapor Profile (15 levels, 5 Km
spatial resolution). These two profile products will usc NOAA forecast data assimilation model profiles as a base and will modify
lhc assimilation model profilc,s so that the deriv~d profiles arc consistent with the. radiances nteasurcd by h401>IS.  Since h4CNXS
will always collect data in the region observed  by ASJ’I R, these pro&tcts  should in genera] be available, for uSC,.

As a backup the assimilation modcl data itself will bc intmpo]akd  directly into the AST1 R seem. Thtm  arc two such
assimilation systems that will be available: the hWAA  global (or-for the appropriate areas of Nollh America-the  regional)
assimilation forecast systcn$ 2 and the Goddard 10S (W K) S-1 ) assimilation systcmls.  I’he.sc.  two systems ditTcr in objective in
that the NOAA systtm is an operational weather forccas~ sys[e.111 frorll which profiles could be obtained essentially coincident with
the receipt of the raw data from ASI’I NL I’he c,} xX-1 assimilation systcrn  dots not have an operational forecast requirement and
will bc able. to wait for all the data nczded for assinlilation to arrive., Since the processing of AST} N data to radiance will be
conducted on a demand basis both of these, models could be of usc in the abscuce of profile data from NIOI  )1S.

Hccausc of the placement of the five ASTI ;1{ 3’11-?  channels, ozone is not a significant factor in atmospheric correction
except for channc]s  1 ] and 12 which arc IhC closest cilanncls to tJlc ozone band betweerl 9 and I(J pm, If profile information is
available from SAG];  (Stratospheric Aerosol and Gas ]~xperirncnt) during the late. 90’s it will be used. Since SAGU ]1 or its
rcplac.cmcnt  may not bc available at the stafi of the, I1OS Ah4-1 mission we will use the h40DIS product 03 Total l\urdmr (5 Km
spatial resolution) with a profile based on climatology. WC could also usc ozone estimates from TON4S (fetal Omnc
kfcasurememt  Systcnl) although they would not b.c coirlcident  in space and tirnc with the AS’1”] R ntcasurcments  as is the ozone
amount determined from hfO]JIS rneasummcnts.  In addition, NTC)AA regularly ptiuccs a stratospheric oz,onc.  profile. product



}vhich could bc used. AS a backup, if no o?,ouc estimates arc avrrilablc from the same time period as the AS’1’l W mcasurcmettts,
wc will usc a climatology based 011 the extensive record from I’OMS, SII(JV  and SACJIL

1.ikc o~,one, aerosols will not often limit the accuracy of the atmospheric correction. 1 Iowever,  during episodes of high
volcanic arnosol loading, they will have an important impact on the radiometry. Iloth MOIXS and MISR plan an extensive set of
acrtrsol data products. WC plan to usc the hIISR data product Aerosol OpticA Depth (17.6 Km spatial rcso]ution)  to establish the
amount of aerosol present. The aerosol composition and particle size distribution will he obtained from the values used by hflSR
to estinti]te  the optical depth or from the MOD1’K,AN nmdcl based On the geographic location of the AST}iR scene. The h40DIS
data product Aerosol optical Depth, Spectral, is an available backup. III the absence of tbe MISR or hlODIS product over land we
will need to develop a cotnpcndium of pmfilcs as a function of time c}f year and geographic Icwatiou.

I iicvation em.rrs contribute. to the error in atmospheric conec[ion. I Icrc, an elevation error is defined as the difference
bctwc.cn the average elevation of the pixel of interest and the elevation used for that pixel in computing the atmospheric correction.
An elevation error can wxxrr  either b.cause there is a vwtical  or hori~ontal error in the elevation model being used or because the.
pixel of interest is incorrectly located with respect to the elevation nmdcl.

“I”hc magnitude of the resulting error in the atmospheric correction depends on the atmospheric profile. (e.g. the amount of
water vapor in the profde),  the elevation of the surface, the surface tcnqreraturc  and the AST} X channel being corrcctcd.

(.hrrrcndy  the only global digibl  elevation model (IX ihi) w}lich  is available is 1 ~1”0113514  which has elevations posted
every S arc minutes (approxitnatcly  10 kilonretcrs).  I’his spacing is too coarse to be used with 90 meter ASH ill TIR pixels. The
1 ;KhS }tiojcct is developing a plan to provide, by 1998, a near-global D] ;A4 with 30 arc second (approximately 1 kilometer)
postings based on the Digital Chart of the World  (IXW)  and other sotrrcesld  and is examining providing data at 3 arc second
(approximately 90 meters) postings based on the Defense hfapping Agency’s (I)MA)  l}igital Terrain Iilevation  Data (l Yf’IiD)14.

lo obtain e.xamplcs  of the magnitude of the atmospheric cor[ectiou  enor in relation to the size of the altitude error, the
atmospheric corrwtion error was calctdatcd for: five representative atnrospheric  profiles, all five ASTl X Tit/ channels. every
hundred meters from sea level to 5.8 kilometers assuming in each case the altitude error was 100 meters. The maximum error
OCCUrS in the shorte.s( wavelength ASTIill  Tltl  channel, channel 10 and is 0.’2.8 K in brightness tempcmturc.  ‘l”he maximum error
in the least sensitive channels (12 and 13) is 0.08 K. Although the atmospheric correction error is not strictly linear with
elevation emrr, (the maximum error is about 0.3 K per 100 tnctcrs of eicvatiou) the linear assumption is reasonably close for
elevation errors up to several hundred meters.

1 ‘or the majority of the earth’s surface the existing sources of topogmphic  information (i.e. IXXV  and DTI N]) should
rcsrdt in ckwation  related atmospheric correction errors which arc ICSS than a few tenths of a degree Kelvin for the most sensitive
AS1’1  ;K Channel and atmospheric profile (e. g. for the l’ibctan region, .S(Mo of the area has slopes less than about 3 tlcgreesls) . In
stce.p terrain (slopes grtxrtcr  than about 30 degrees) it is likely the positional accuracy of both the elevation model and the AS1’}iR
pixels will dctcrminc  the size of tic atmospheric correction cnor and this error could be more than a degree Kelvin in rrnfavolrable
cases. 1’WO  additional points am, also inherent in llsing all atll]ospheric profile based a(nmspheric  correction algorithm. I jirst, this
method  is sensitive to artifacts in the topographic tnodcl used. Since global topographic data sets are necessarily large and have
been compiled from a variety of sources ar[ifacts are inevitable, II is inlportant  to trndcrstand  and rwnovc  these artifacts, where
possible, as they will impose systematic errors on the atmospherically corrected brightness temperatures. Second, topographic
errors arc not spectrally ne.utrd across the five AST1 il.? thcnnal channc]s.  hfe.thods  which usc the spcc(ral c.outrrst  across these
channels to ex{ract additional information should, at a mioimnm, take into conside.r~tion the systcvnatic effect topographic error
will have on atmospherically corrcctcd AS’I’I  X/ thcnnal data,

2.2 %?nsltlvlly to error ii the profiles for temperature, water vapor, ozone and aerosols

I’hc accuracy of the atrnospkic correction method proposed depends on the accuracy with which the primary input
variables can bc detcrn]illcd and the sensitivity of the correction to the uncertainty in these input variables. “1’hc primary input
variables are atntosphcric profiles for tc.mpcmturc, water vapor, oz,ortc and aerosols. I’hc sensitivity of the atmospheric correction
to uncertainties in the input variables depends on both wavelength (channel integrated value.s) and the base value for the input
variables.



] k.timalm for this sensitivity were developed using the 10W1’RAN  7 rddia(ivc transfer model and [hrce of the
ahnosphcms  inchrdcd with 1,C)W1 ‘RAN 76. I’hc atmospheres used were Mid-latitude Summer (air tcmpcraturc at the. surface 297.2
K, 2.35 g cn]-1 column water anlounl, 0.332  atm cm total oz,onc and a “visibility” of 25 km); Tropical (air temperature at the
surface 302.7 K, 3.32 g cm-l column water amount, 0.277 atm cm total ozone and a “visibility” of 25 km) and Subarctic Winter
(air [cmpcraturc  at the surface 257.2 K, 0.33 g cm] colrrmII  water amount, 0,376 atm cm total oz,onc and a “visibility” of 25 km),
l’he sensitivity for each variable, model atmosphem and wavelength w’as determined by entering a small change in the base value
of each of the four primary variables, onc at a time, and noting the corresponding change in the calculated radiance. l’bc
sensitivity in each of the ASTEK channels was obtained by weighting the wavelength dcpcndcut sensitivities with an estimate of
the cxpcctcd spectml profiic for each AST} ~N channel.

I’o illustr-atc the relationship between uncertainty in the input paramclcrs  and the uncertainty in the derived radiance (or its
cquivalcut in brightness temper-atutc) the following uncertainties will be used: 1. Water vapor, 20%, a number near the upper limit
accuracy estimate for t}m MOIXS  column water vapor abundance dctennincd from thcnwrl iuframd measurcmcrits; 2. Atmospheric
temperatrrrc,  O.S% (i.e. -1.5 K), the. largest number associated with MOI)lS  atmospheric temperature profile which is in tbc range
estimated for northern hemisphere nrrmcrical forecasts of order 1-2 Klz; 3. & 4. I:or  ozone and aerosols (expressed as visibdit y,
which is onc way acmsol amount is expressed in the 1,OWJ’RAN  7 model)  the uncertainty was taken as 50% to illustrate Ihc low
sensitivity to these variables. The results for three of the five AST1 iR channels in both mdiance and brightness temperature am
given in Tablc 2 for the. two most sensitive atmospheres.

I’able 2 Pcrucrrt change in dcnved radiance as a function of pcrwmt change in input parameter
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llccause of strong water vapor absorption below 8 pm, AS1’1  ii< c.banncl 10 is about twice as scusitive to unccrtain{ics  in
both atmospheric waler vapor and tcrnpcr-aturc  as any of the other four chanrlc]s.  Charlrlcl 12 is the, most sensitive to uncertaintic.s
in OZOIIC  because of the prcscncc of part of the 8.5 to 10 pm complc.x of ol,onc bands in this charrncl. Chess errors (259Z0 in
column abundarlcc) in oz,onc wi14 Icad to errors of sigrrificancc  (greater than the instrument’s Nl~A’I’)  for channel 12. Aerosols have
some impact on all tivc charmcls. l’hc SO% uncertainty used here for visibdity could he excecdcd if it is ncccssary to USC. a
climatology based estima(c. for aerosols. l~or example, this cmrld happen if a version of SAGI; were not in operation and the
skatosphcric  aerosol amount increased duc to a volcanic eruption. lncrcascs  in tropospheric aerosols will be mc.asurcd by MIS]<.



3. ATMOSPHERIC CORRII:CTION  VALIDATION

..

I’hc overall approach to validation for the surface leaving spcctial radiance invalvcs comparison of tbc surface leaving
radiance data product with estimate.s of tire same quantity derived from simultaneous in sifu measuremcuts  and estimates from
eqrrivalcnt  N401XS chanucls.

The uncertainty in the AS1”}  iR derived 3’11< surface leaving spectral radiance has three main sources: 1) the rrnccrtairrtics in
the radiation transfer mode.t (MODT~T)  being used, 2) the rrnccrtaiuty  in the estimates of atmospheric properties used to
compute the emission, transmission and scattering of the atmosphere and 3) uncctiinty  in the on orbit instrument calibration.
l’hc scrrsitivity  analysis dcscribcd above indicates Ihat the expected uncertainty in the atmospheric profrlcs  of moisture and
temperature should dominate the overall uncertainty. The purpose of the in si(u measurements is to insure that sources 1) and 3)
above are not dominant and to provide tangible evidence the uncmlainty in surface Icaving spectral radiance known  and is
understood. The comparisons with MODIS will be used to provide more frequent estimates of the quality of the product being
produced and will allow the exploration of a much wider range of atmospheric conditions ttran will be possible with in situ
measurements.

Iiicld experiments have been conducted and are planned at about the rate of two a year, testing aspects of the following
approach:

Radiomctric measurements from a boat are used to estimate the kinetic tempmature  of the radiating surface of water areas
the si?.e of several ASI’llK  TIK pixels. An array of continuously recording buoys is used to assist in estimating the space and tinw
variation in water temperature. Tc> reduce the radionmtric error associated with gcolocation error, 3 x 3 pixel areas will be
instnrmcnted. Radiosonde. profile  measurements arc used to detcrnrinc  the atmospheric tempcratnrc and moisture profiles for usc
with the radiation nrodcl  MOD1’RAN  to estimate the spectral sky irradiance. The ASTI  ii? spectral response along with the surface
kinetic Icmperature. the spectral cmissivity of water and the spectral sky irradiance are used to compute the chant-ml by channel
surface Icaviug spectral radiance which is to be compared with the sanlc quantity from the algorithm being validated. Because of
the high crnissivity of water and the low value of clear sky irradiance across the spectral intm-val  covered by the ASTER thermal
channels in-situ estimates of the. surface leaving radiance are not very sensitive to errors in the atmospheric mcasurcrnents  (i.e.
only the reflected component of the surface leaving radiance is affected).

I ake Tahoe and the Salton Sea arc being evaluated as sites which provide a range of atmospheric conditions (e.g. warnl-
wwt,  warm-dry, coid-wet, colddry).

3.1 A field experiment example

Water has been selected as a target because away from shore its surface temperature is re.lativcly uniform in space and time
and its spectral crnissivity is known and nearly constant. In order to estimate the temperature of an area the si?,c of an AS’I’IiR
I’ll-! pixel (90 x 90 m) some means of acquiring multiple. spatial samples at the time of the satellite ovmpass is needed.
Continuously recording buoys provide one means of providing the spacckimc sampling nccdcd. In April 1995 this apprwch was
tried at 1 ake I’ahoc  in an area 2 km South of Ikllar Point using the NASA ‘1’hermat Infrared Mu]tispectral Scanner (J’ih4S)  as a
stand in for the thermal component of AST} LR.

‘1’hc time history of water temperature at about 1 cm dc.pth  foi one of the buoys deployed during this experiment is shown
in I:igurc 1.
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Figure 1 Buoy #1886 Temperature Reading, Lake Tahoe, 24 April 199S
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I“hc tcrnpcraturc record of I;igure 1 illustrates several fca{urcs  of water temperature behavior which arc clearly evident
whcu a continuous record is availatrlc.  I;irst,  a steady increase in \vatcr tcmpcraturc  is apparent with (he temperature increasing by
1.5 C from 9:30 to 11:00. This is a part of the diurnal variation in near surface kwiperahtre,  The day \vas very clear and the air
tcmperatorc  excecdcd the water tcmpcmturc as the day progressed, Second,  at several points in this record (e.g. shortly before
11:00 and again at 11:20) the near surface watt.r tcmpcratum  undergoes a change of several tenths of a degree in a very sborl  pcnwl
of time (1-2 minrrkx)  as warm (or cold) patches of water form or drift across the buoy’s location.

10 addition to the buo$ nw-asurmmwts,  broadband (8-14 pm) radiometer rrwasurenrcnts were made of the wa{er surface
within 10 m of the buoy #1886 from an anchored boat. Since the radiometer used was known to be seositivc to the cnvironrncntal
tcmpc.riturc, nwasurements  of a field portahlc water cooled corm blackbody  were nradc before and after each lake temperature
mcasurcmcnt.  l’he blackbody  was frllcd with water from the ]akc which kept the black body temperature within a degree C of the
lake water tcmpcraturc.  I’hcsc  in-field calibration mcasurcmc.nts  w,crc used to correct for any drift in the radiomc.ter over tbc thmc
and one half hours of nwasurcmerrt.

Atmospheric profiles of air temperature and moisture were acquired from radio.sondc flights at the I’ruckcc airport 20 km
10 the North of the water target area, These rncasurcme,nts along with tbc spectral cmissivity of water were used in conjunction



with h401Jl”RAN  {o reduce the l“lhlS thermal imaging data and the radiometer data to cstirnatcs of waler surface kinetic
hmperaturc. ‘1’hcse estimates along with two minute avrwagcs  of buoy #1886 bulk water temperature are shown in Iiigurc 2.

Figure 2, Time IIistory  Water Temperature Comparison , lake Tahoe, CA On 24 April 1995
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‘l”tic trend with time of all three nicasurenrent  types (IIMS  channel 5 (10.2-11. lpm), buoy bulk water  temperature and
radiometer) is similar. The radiometer and buoy rneasuremcnts  differ by a few tenths degree C as expected since. it is common for
the radiating skin temperature and the bulk water temperature to ditl”er and the aircraft scanner measurements are on average about
0.4 C cooler than the [rxnperature delived from the in-siiu  rarliorncter measurements. I“hc six aircmft  scanner rneasrrrernents  w’erc
acquired over an altihrde. range of 1.8 to 7.5 km ( this corresponds to a nadir pixel size of 4.5 to 19 m) above the lake and no
strong trend with at’t itude. was c}’ i dent,

Viewed as a validation of Ihc atmospheric correction procedure used to correct the aircraft scanner measurcnvmts  to surface
values, the in-siru estimation procedure used appears to work to the half degree C. level in this example.

4. SUMMARY

A procedure involving!rr-situ  measurements of water targets has been dcve.loped and tc.stc.d for use in the. validation of the
ASTJ N thermal infrared surface leaving radiance data product. ‘l’he  results, using a thermal aircraft scanner as a stand in for
ASI’I  iR, indicate. validation with an accuracy better than 1 C is possihlc with pixel sires up to 19 m. Coutirruousl  y recording
temperature buoys provide added confidence that the time and space behavior of the near surface water temperature is underskrod.
Aircraft scanner thermal images of the satellite target area at the time of the satellite overpass would also be useful  in establishing
the surface tefnperaturc pattern.
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